Introduction
============

Despite pharmacological advances, about 10%--30% of patients with schizophrenia exhibit little or no response to antipsychotic medications, and persistent symptoms make it difficult for these patients to re-enter society. Clozapine is effective against treatment-resistant schizophrenia (TRS) and was introduced to Japan in 2009. In Japan, all physicians who prescribe clozapine, as well as the patients receiving the drug, must be registered with the Clozaril Patient Monitoring Service (CPMS). In addition, clozapine is limited to patients with TRS according to the following poor response and poor tolerance criteria. The poor response criterion is a failure to respond to a sufficient term (at least 4 weeks) of treatment with a sufficient dose of at least two well-tolerated antipsychotics (including at least one atypical antipsychotic \[eg, risperidone, perospirone, olanzapine, quetiapine, or aripiprazole at over 600 mg/day chlorpromazine equivalent\]). The poor tolerance criterion is defined as a failure to adequately respond to monotherapy with at least two atypical antipsychotics (eg, risperidone perospirone, olanzapine, quetiapine, and aripiprazole) due to failure to increase the dose to a necessary level for any of the following reasons: occurrence or worsening of moderate or severe tardive dyskinesia, tardive dystonia, or other tardive extrapyramidal symptoms, or occurrence of uncontrolled parkinsonian symptoms, akathisia, or acute dystonia.

Clozapine also causes serious side effects, such as agranulocytosis and seizures. Clozapine-induced seizures are more frequent than agranulocytosis,[@b1-ndt-10-1973] and electroencephalography (EEG) abnormalities are even more common. The appearance of paroxysmal discharges indicates a high risk for convulsion.[@b2-ndt-10-1973] However, EEG abnormalities that develop after clozapine treatment appear to be associated with good responses.[@b3-ndt-10-1973] Herein, we describe EEG abnormalities and seizures associated with clozapine treatment in Japanese patients with schizophrenia and retrospectively compare EEG results and total Positive and Negative Syndrome Scale (PANSS \[T\]) scores before and after treatment.

Materials and methods
=====================

Subjects and demographic profiles
---------------------------------

The subjects were all consecutive hospitalized patients with TRS. All patients met the criteria of poor response or poor tolerance described above. No patient had received clozapine before or had a history of prior seizure or brain injury. Twenty-eight patients were recruited in this study, but two patients were excluded because clozapine was discontinued when they developed side effects before post-treatment EEG measurement. One patient developed cardiomyopathy 4 weeks after starting clozapine, and the other developed agranulocytosis 3 weeks after initiating clozapine. Ultimately, 26 patients (eight males, 18 females) with an average age of 37 years were enrolled. Clozapine was initiated at a starting dose of 12.5 mg/day on the first day and was increased to 25 mg/day on the second day. On the third day and thereafter, the daily dose could be slowly increased in 25 mg increments to achieve a dose of up to 200 mg/day over 3 weeks. The dose was increased depending on the symptoms; however, at least 4 days were required to pass for dose increases in increments of up to 100 mg. The maximum dose in Japan is 600 mg/day. In principle, the duration of hospitalization was defined as 18 weeks after initiating clozapine according to the manufacturer's specifications (Novartis International AG, Basel, Switzerland). However, as long as certain criteria were met, patients could be discharged before 18 weeks. These criteria were desirable for discharge; achievement of the maintenance dosage, at least 3 weeks' hospitalization, improvement of clinical symptoms, and confirmation of safety.

EEG recording and clinical response
-----------------------------------

EEG recordings were performed with the use of the International 10--20 system and a 21-channel monitor. The patient's history and medications were blinded to readers who read the EEG recordings. EEG measures were obtained several days prior to the initiation of clozapine treatment, and every 4 weeks thereafter. EEG measures were also obtained immediately after seizures occurred. Following seizures or EEG abnormalities, additional EEGs were performed every 2 weeks. PANSS (T) scores were used to determine clozapine treatment outcomes.

Data analysis
-------------

The incidences of seizures and EEG abnormality were obtained, and subjects were divided into two groups depending on whether their EEG recording was normal or abnormal. Student's *t*-tests and chi-square tests were used to compare demographic profiles between the two groups. PANSS (T) scores were compared at baseline and at the last observation with Student's *t*-tests.

Results
=======

Clozapine-induced EEG abnormality
---------------------------------

All patients had normal baseline EEG measures, and ten patients (38.5%) later showed EEG abnormalities. The daily dose of clozapine at the occurrence of EEG abnormalities varied from 125 to 600 mg (mean 305 mg/day). There were no significant differences between the normal and abnormal EEG groups in terms of sex, mean dose of clozapine, or length of clozapine treatment ([Table 1](#t1-ndt-10-1973){ref-type="table"}). In the abnormal EEG group, the mean age and illness duration were significantly lower and shorter, respectively, than the corresponding values in the normal EEG group ([Table 1](#t1-ndt-10-1973){ref-type="table"}). The time to the occurrence of EEG abnormalities varied from 4 to 52 weeks (mean 14.6 weeks). The clinical courses of the patients with EEG abnormality are summarized in [Table 2](#t2-ndt-10-1973){ref-type="table"}. The numbers of patients with EEG abnormalities were as follows: spikes in one patient, spike and wave complexes in ten patients, and slow waves in four patients ([Table 2](#t2-ndt-10-1973){ref-type="table"}). No patients withdrew from the study because of the appearance of EEG abnormalities.

Clozapine-induced seizures
--------------------------

Six patients (23.1%) experienced seizures: one with both tonic--clonic and myoclonic, one with tonic--clonic, and four with myoclonic seizures ([Table 2](#t2-ndt-10-1973){ref-type="table"}). The daily dose of clozapine at first seizure varied from 300--600 mg (mean 383.3 mg/day), and the time to first seizure varied from 8--23 weeks (mean 12.3 weeks). Five of six patients who experienced seizures in this study were successfully treated with valproate or lamotrigine without discontinuation of clozapine. The persistent seizures in one patient were ultimately controlled without the use of antiepileptic drugs. The clinical courses are summarized in [Table 2](#t2-ndt-10-1973){ref-type="table"}.

Case 1 experienced a myoclonic seizure 23 weeks after starting clozapine, and the dosage when the seizure occurred was 600 mg. Lamotrigine 200 mg was begun because myoclonus was still observed 52 weeks after clozapine initiation, although the incidence was low. Tonic--clonic seizure was observed 130 weeks after clozapine initiation. The lamotrigine dose was increased to 300 mg, and clozapine was decreased to 550 mg. After that, neither seizures nor EEG abnormalities were observed. Case 5 experienced tonic--clonic seizure 8 weeks after starting clozapine, when the dosage was 300 mg. Valproate 400 mg was initiated and subsequently increased to 600 mg. Although the seizures stopped, the patient's psychological symptoms exacerbated. Therefore, clozapine was increased to 400 mg. Partial seizure appeared 18 weeks after clozapine initiation despite treatment with valproate (600 mg). Increasing the valproate dosage to 800 mg effectively prevented further seizures without reduction of clozapine.

Comparison of PANSS (T) scores
------------------------------

PANSS (T) scores at baseline and at the last observation were compared between the normal and abnormal EEG groups. The mean baseline PANSS (T) scores were not significantly different between the two groups, but the mean score in the abnormal EEG group was significantly lower than that in the normal EEG group at the final follow-up (*P*=0.02). The response rate in the abnormal EEG group was higher than that in the normal EEG group, albeit not significantly ([Table 3](#t3-ndt-10-1973){ref-type="table"}).

Discussion
==========

Compared with other neuroleptics, clozapine appears to cause more seizures at therapeutic doses than the most epileptogenic of standard antipsychotic agents.[@b4-ndt-10-1973] The mechanism of clozapine-induced seizure is not well understood. Typical antipsychotic drugs primarily target striatonigral dopamine D2 receptors, whereas clozapine blocks mesolimbic and cortical dopamine D4 receptors.[@b5-ndt-10-1973] Mesolimbic structures are common sites of seizure onset. The selectivity of clozapine for mesolimbic dopamine receptors may explain its high epileptogenicity in comparison with other antipsychotic drugs.[@b4-ndt-10-1973] Further possible mechanisms include its effects on other receptor types, including gamma-aminobutyric acid A, nicotinic acetylcholine, glutamate N-methyl-D-aspartate, serotonin 5-HT2A, and strychnine-sensitive glycine.[@b6-ndt-10-1973]--[@b10-ndt-10-1973] A dose-related risk of seizures with clozapine has been described in the literature, with reported risks of 0.6%--2% for doses \<300 mg, 1.8%--4% for doses of 300--599 mg, and 5%--14% for patients taking 600--900 mg daily.[@b11-ndt-10-1973]--[@b13-ndt-10-1973] Previously identified risk factors for clozapine-induced seizures include rapid upward titration, preexisting seizure, and concurrent use of other epileptogenic medications.[@b14-ndt-10-1973] Furthermore, clozapine-induced myoclonus can be a precursor to generalized seizure.[@b15-ndt-10-1973],[@b16-ndt-10-1973] In the present study, six patients (23.1%) experienced myoclonic or tonic--clonic seizure. Only tonic--clonic seizure was experienced by two patients (7.7%). One patient with tonic--clonic seizure had previously had myoclonic seizure. The mean dose of clozapine was 380.3 mg (300--600 mg) at seizure onset. The incidence of seizure in this study was higher than in other reports in the literature.[@b11-ndt-10-1973]--[@b13-ndt-10-1973] These results may suggest that clozapine is more likely to cause seizures in the Japanese population. However, Kishi et al reported efficacy and tolerability of clozapine in Japanese patients with TRS and described the incidence of seizure in Japanese patients as 5.26%.[@b17-ndt-10-1973] Our study involved a small number of patients, so we cannot conclude that Japanese patients with schizophrenia have a higher risk of seizure with clozapine use; additional studies with larger samples are needed to verify our observation. White and Van Cott[@b18-ndt-10-1973] described the treatment of clozapine-associated seizures with dosage reduction and/or the addition of an antiepileptic drug. Praharaj et al[@b19-ndt-10-1973] reported that it was prudent to add anticonvulsants immediately after the first seizure. Although valproate is recommended as the standard therapy, other drugs such as lamotrigine, gabapentin, and clonazepam are also useful.[@b15-ndt-10-1973],[@b16-ndt-10-1973],[@b19-ndt-10-1973] Carbamazepine is contraindicated because of the increased risk of bone marrow suppression, and barbiturates may exacerbate sedation caused by clozapine.[@b1-ndt-10-1973] Antiepileptic drugs that are highly protein-bound may displace clozapine from serum proteins.[@b4-ndt-10-1973] However, why antiepileptic drugs are effective for clozapine-induced seizure without exacerbating psychological symptoms is unclear. All patients who experienced seizures in this study were successfully treated either with antiepileptic drugs or no drug with a small or no reduction of clozapine. Therefore, we believe that there is no need to discontinue clozapine in patients who experience seizures.

Studies have reported that EEG abnormalities associated with clozapine treatment range from 16%--74%.[@b2-ndt-10-1973],[@b20-ndt-10-1973] Among typical and atypical antipsychotics, clozapine was most strongly associated with EEG abnormalities (clozapine: 47.1%, olanzapine: 38.5%, risperidone: 28.0%, typical neuroleptics: 14.5%, quetiapine: 0.0%).[@b21-ndt-10-1973] We found that the incidence of clozapine-induced EEG abnormalities in Japanese subjects with schizophrenia was 38.5%. It has been reported that clozapine-induced EEG abnormalities occur in a dose-dependent manner and correlate with the serum level of clozapine.[@b2-ndt-10-1973],[@b22-ndt-10-1973]--[@b24-ndt-10-1973] However, Centorrino et al[@b21-ndt-10-1973] did not find a relationship between dose and EEG abnormalities. Goyal et al[@b25-ndt-10-1973] reported EEG abnormalities in 61.9% of patients receiving clozapine at a dose of 100 mg or less. In this study, the mean dose of clozapine at the occurrence of EEG abnormalities varied from 125--600 mg (mean 305 mg/day) and was lower than that in the normal EEG group (mean 378.1 mg/day), albeit not significantly. In one-half of the patients with EEG abnormalities, the clozapine dose was \<300 mg. Thus, the relationship between clozapine dosage and EEG abnormalities remains controversial. Haring et al[@b24-ndt-10-1973] described EEG abnormalities in 52% of patients and reported that these were dependent on plasma levels; they also determined that dose was not statistically related to EEG abnormalities. It is necessary to identify the relationship of EEG abnormalities and clozapine serum level. Centorrino et al[@b21-ndt-10-1973] determined that significant risk factors for EEG abnormalities were the use of various antipsychotic drugs, including clozapine; age over 40 years; and hypertension. On the other hand, Chung et al[@b26-ndt-10-1973] suggested that younger patients on the same clozapine dosage as older patients were more likely to have EEG abnormalities. In this study, patients in the abnormal EEG group were significantly younger than those in the normal EEG group. The abnormal EEG group also had a significantly shorter illness duration before clozapine treatment than the normal EEG group. These results indicate that EEG abnormalities may appear in patients who started clozapine treatment in the early phase of schizophrenia or when they were young.

Risby et al[@b3-ndt-10-1973] reported that EEG abnormalities that developed after clozapine treatment appeared to be associated with good clinical response. In this study, there was no significant difference in baseline PANSS (T) scores between the normal and abnormal EEG groups. However, the mean PANSS (T) score from the last observation was significantly lower in the abnormal EEG group, and the response rate of the abnormal EEG group was also higher, albeit not significantly, compared to that of the normal EEG group. These results indicate that EEG abnormalities that appear after clozapine treatment are associated with a good clinical response. Another study reported that pretreatment intrahemispheric asymmetry on EEG predicted the short-term response to clozapine in patients with schizophrenia.[@b27-ndt-10-1973] The change in theta frequency in quantitative EEG, and particularly changes in the midline electrodes over the frontocentral scalp area, might be a more sensitive indicator for evaluating clozapine treatment adequacy.[@b28-ndt-10-1973] Welch et al[@b2-ndt-10-1973] reported that the appearance of paroxysmal discharges with bursts of slow waves, polyspike bursts, and spike and sharp waves indicated a high risk for convulsions. Thus, the presence of EEG abnormalities is not necessarily indicative of a good response to clozapine. However, EEG results may be useful for adjusting clozapine dose if it is clarified which EEG results are related to good clinical responses or convulsions.

Conclusion
==========

EEG abnormalities may appear in younger patients, and our findings indicate that there is no need to discontinue clozapine when seizures occur. EEG abnormalities that appeared after clozapine treatment were associated with a good clinical response.
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###### 

Patient demographics

                                                                                                   Normal EEG    Abnormal EEG   *P*
  ------------------------------------------------------------------------------------------------ ------------- -------------- --------
  Total number of patients                                                                         16            10             
  Sex (n)[a](#tfn1-ndt-10-1973){ref-type="table-fn"}                                               F: 9, M: 7    F: 9, M: 1     NS
  Mean age (years)[b](#tfn2-ndt-10-1973){ref-type="table-fn"}                                      43.3±12.9     25.9±9.4       \<0.01
  Illness duration before clozapine treatment (years)[b](#tfn2-ndt-10-1973){ref-type="table-fn"}   15.4±10.4     6.9±5.3        \<0.01
  Mean dose of clozapine (mg)[b](#tfn2-ndt-10-1973){ref-type="table-fn"}                           378.1±179.8   305.0±131.7    NS
  Length of clozapine treatment (months)[b](#tfn2-ndt-10-1973){ref-type="table-fn"}                13.3±10.4     17.5±11.4      NS

**Notes:**

Chi-square test

Student's *t*-test. Data are presented as mean ± standard deviation.

**Abbreviations:** EEG, electroencephalography; F, female; M, male; NS, not significant.

###### 

Clinical courses of patients with EEG abnormalities and seizure

  -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Case    Age (years)   Sex                                   Time (weeks)                        Dose (mg)                                              Seizure         EEG                              Response
  ------- ------------- ------------------------------------- ----------------------------------- ------------------------------------------------------ --------------- -------------------------------- ---------------------------------------------
  1       23            F                                     23                                  600                                                    Myoclonus       Spike and slow wave, theta       None

  52      600           Few myoclonic seizures                Spike, theta, delta                 Start LTG 200 mg                                                                                        

  104     600                                                 Slow wave                           LTG 200 mg                                                                                              

  130     600           None\                                 Theta                               Increase to LTG 300 mg, decrease to clozapine 550 mg                                                    
                        Tonic--clonic                                                                                                                                                                     

  \>130   550            \                                    None                                LTG 300 mg                                                                                              
                        None                                                                                                                                                                              

  2       19            F                                     18                                  350                                                    Myoclonus       Spike and slow wave, theta       None

  24      500           None                                  Spike and slow wave, theta          None                                                                                                    

  36      500           Few myoclonic seizures                                                    Start LTG 200 mg                                                                                        

  56      550            \                                    Spike and slow wave, theta          Decrease to LTG 150 mg                                                                                  
                        None                                                                                                                                                                              

  3       48            F                                     9                                   400                                                    Myoclonus       Slow wave, spike and slow wave   None

  12      350           Myoclonus                             Slow wave                           Decrease to clozapine 300 mg                                                                            

  26      300           None                                  Infrequent slow wave                None                                                                                                    

  4       24            F                                     8                                   300                                                    Myoclonus       Spike and slow wave, delta       Start VPA 400 mg and increase to VPA 600 mg

  9       300           Myoclonus                             Slow wave                           VPA 600 mg                                                                                              

  12      300           Infrequent myoclonus\                 Slow wave                           VPA 600 mg, decrease to clozapine 200 mg                                                                
                        None                                                                                                                                                                              

  15      200           None                                  Infrequent slow wave                Decrease to VPA 400 mg                                                                                  

  23      200                                                 None                                VPA 400 mg                                                                                              

  5       22            F                                     8                                   300                                                    Tonic--clonic   Spike and slow wave, theta       Start VPA 400 mg and increase to VPA 600 mg

  \>8     300           None                                  Theta                               Increase to clozapine 400 mg                                                                            

  18      400           Partial seizure                       Theta                               Increase to VPA 800 mg                                                                                  

  \>18    400           None                                  None                                VPA 800 mg                                                                                              

  6       25            F                                     4                                   250                                                    None            Theta                            None

  8       350           Myoclonus                             Slow wave, spike and slow wave      Decrease to clozapine 275 mg                                                                            

  14      275           Myoclonus                             Spike and slow wave, delta          Start VPA 600 mg                                                                                        

  15      275           Few and frequent myoclonic seizures   Spike and slow wave, delta          Increase to VPA 800 mg                                                                                  

  \>15    275           None                                  None                                VPA 800 mg                                                                                              

  7       22            F                                     8                                   200                                                    None            Spike and slow wave              None

  52      300           None                                  Few frequent theta                  None                                                                                                    

  8       37            F                                     52                                  325                                                    None            Spike and slow wave, theta       None

  104     325           None                                  Spike and slow wave, theta, delta   None                                                                                                    

  9       22            F                                     8                                   200                                                    None            Spike and slow wave              None

  34      300           None                                  Infrequent spike and slow wave      None                                                                                                    

  10      17            F                                     8                                   125                                                    None            Many theta waves                 None

  52      300           None                                  Spike and slow wave                 None                                                                                                    
  -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

**Abbreviations:** EEG, electroencephalography; F, female; LTG, lamotrigine; VPA, valproate.

###### 

Comparison of clinical results between the normal and abnormal EEG groups

                               Normal EEG   Abnormal EEG   *P*
  ---------------------------- ------------ -------------- ------
  Baseline PANSS (T)           99.4±27.8    87.9±15.2      NS
  Last-observation PANSS (T)   59.1±12.1    46.7±11.3      0.02
  Response rate (%)            37.4±16.9    46.6±9.9       NS

**Note:** Data are presented as mean ± standard deviation.

**Abbreviations:** EEG, electroencephalography; NS, not significant; PANSS (T), total Positive and Negative Syndrome Scale score.
